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Available online 6 June 2015Aegilops tauschii Ais awild relative of commonwheat (Triticumaestivum) and acts as an important
resource of elite genes including genes for resistance to biotic andabiotic stresses. To improve the
cadmium (Cd) tolerance ofwheat varieties usingA. tauschii resources, we investigated the genetic
variation of biomass-based Cd tolerance in 235 A. tauschii accessions treated with 0 (control) and
100 μmol L−1 CdCl2 (as Cd stress). Simultaneously, we performed a genomewide association
study (GWAS) using a single-nucleotide polymorphism chip containing 7185 markers. Six
markerswere found tobe significantly associatedwithCd tolerancebyageneral linearmodel and
a mixed linear model. These markers were close to several candidate/flanking genes associated
with Cd tolerance according to results in public databases, including pdil5-1, Acc-1, DME-5A,
TaAP2-D, TaAP2-B, Vrn-B1, and FtsH-like protein gene. The A. tauschii accessions were classified as
high, moderate, and low Cd-tolerant according to a secondary index, the synthetic index (SI), in
proportions of 9%, 57%, and 34%, respectively. By the average SI, accessions from Afghanistan,
Turkey, Azerbaijan, and Iran showed relatively high Cd tolerance.
© 2015 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Biomass1. Introduction
Cadmium (Cd) is one of the most plant-toxic heavy metals
and is a pollutant for humans and animals. It is released
into the environment mainly through industrial processes
and the application of Cd-containing phosphate fertilizers [1].
Excessive Cd accumulation in soils leads to severe problems
such as visible phytotoxic symptoms (for example, chlorosis
and growth reduction of shoots and roots) [2]. Cd can induce; fax: +86 28 82650350.
iu).
Science Society of China a
work.
ina and Institute of Crop
license (http://creativecomoxidative stress in plant cells and inhibit or stimulate
the activities of several antioxidant enzymes before toxicity
symptoms are visible [3]. In China, with the development of
modern industry and agriculture, Cd has become a serious
problem for safe crop production, and at least 13,330 ha of
farmland has been contaminated with varying Cd levels [4].
Upon Cd stress, plants display many types of responses,
including morphological and physiological responses. For
example, in wheat, marked changes in plant length, drynd Institute of Crop Science, CAAS.
Science, CAAS. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
406 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 4 0 5 – 4 1 5weight, chlorophyll, total soluble phenolics, and free proline
are observed [5]. In maize, at relatively low external Cd
levels (<100 μmol L−1), shoot height and biomass increase
are stimulated, and growth is inhibited at Cd levels greater
than 200 μmol L−1 [6]. In addition, in maize, chlorophyll b is
more sensitive to Cd stress than chlorophyll a, and maize can
adapt to the negative effects by changing proline content [6].
In some rice cultivars, a cyanide-resistant respiration mech-
anism important in Cd detoxification is also promoted under
Cd stress [7]. In general, the ability to tolerate and accumulate
Cd varies among plant species and varieties of the same
plant species [8,9]. Crop species and cultivars differ in their
genetic potential to take up trace elements, and this variation
provides new opportunities to minimize harmful elements
in the food chain by selecting and breeding crops with
low uptake potential [10]. Thus, exploiting the genetic
potential of plants is an option for remediating heavy metal-
contaminated soils, and the development of Cd-tolerant
accessions within a given plant species has accordingly
become a top priority.
Wheat (Triticum aestivum L.) is one of the most important
food crops worldwide. Cd is easily absorbed and accumulated
in wheat compared with other heavy metals, so that the goal
of no or low Cd content in wheat has become imperative.
However, the low genetic diversity in the Triticum genus has
hindered the development of improved Cd-tolerant wheat
varieties [11] and it is difficult to screen for Cd-tolerant
accessions of wheat. Thus, researchers have paid greater
attention to the wild relatives of wheat, which survive under
various stress conditions and retain many favorable charac-
ters including resistances to drought, salinity and alkalinity,
and disease [12]. Aegilops tauschii is one of the ancestral
species of wheat and the donor species of the D genome of
wheat. The species carries a wide range of resistances and
tolerances to biotic/abiotic factors [13,14] that can contribute
to wheat improvement. However, to date, little work has been
performed on the selection of Cd-tolerant A. tauschii acces-
sions, let alone the elucidation of the genetic mechanisms
behind these phenotypes.
Genomewide association studies (GWAS) provide a pow-
erful approach for identifying genes underlying complex
diseases at an unprecedented rate [15] and is widely used
in plant research. During the past few years, an increasing
number of association studies based on the analysis of
candidate genes such as flowering-time genes in barley [16],
Dwarf8 and the phytoene synthase locus in maize [17,18],
rhg-1 in soybean [19], the Psy1-A1 locus in wheat [20], and
many candidate genes in Arabidopsis [21,22] have been
published. However, to date, few GWAS of Cd tolerance traits
have been performed in A. tauschii.
In the present study we performed a GWAS in a worldwide
collection of 235 diverse A. tauschii accessions using 7185
informative single-nucleotide polymorphism (SNP) markers.
Among these accessions we aimed to identify accessions with
excellent Cd tolerance using biomass-associated traits. We
also investigated marker–trait associations (MTAs) for Cd
tolerance based on a whole-genome association-mapping
approach employing SNP markers. This work is one of the
first to identify genomic loci for Cd tolerance in A. tauschii.
Thus, it is a tentative exploration in A. tauschii and can be auseful reference for the D-genome of wheat in further
identification of Cd tolerance-conferring loci.2. Materials and methods
2.1. Plant materials
A set of 235 A. tauschii accessions (2n = 14, DD) was
provided by the Triticeae Research Institute of Sichuan
Agricultural University (SAU). Detailed information on the
tested accessions is summarized in Supplementary Table S1.2.2. Growth conditions
All A. tauschii plants were grown in a phytotron in Wenjiang,
Sichuan Province, China, from March to June 2013. Plant
materials were evaluated using hydroponic experiments
under 0 (control) and 100 μmol L−1 CdCl2 (Cd stress) condi-
tions in a randomized block design, each treatment with four
replicates. The normal nutrient solution was modified based
on Hoagland's nutrient solution [23]. Themodified Hoagland's
nutrient solution consisted of Ca(NO3)2 · 4H2O (4 mmol L−1),
KNO3 (6 mmol L−1), MgSO4 · 7H2O (2 mmol L−1), H3BO3
(46 μmol L−1), Na · Fe · EDTA (100 μmol L−1), MnCl2 · 4H2O
(9.146 μmol L−1), ZnSO4 · 7H2O (0.76 μmol L−1), CuSO4 · 5H2O
(0.32 μmol L−1), and (NH4)6Mo7O24 · 4H2O (0.0161 μmol L−1).
Uniform seedlings, grown from seeds germinated for
8 days, were transplanted into holes in a foamboard. A sponge
strip was tied around each seedling to prevent falling and the
foamboard with the seedlings was placed in a box filled with
nutrient solution. All the roots of the seedlings were fully
exposed to the nutrient solution for proper nutrient absorp-
tion. To ensure the regular growth of all seedlings after
transplanting, they were planted in a normal solution
supplemented with phosphorus for 4 days. Subsequently, a
normal solution with or without CdCl2 was used to water A.
tauschii accessions under control and Cd stress conditions,
respectively. The solutions were replaced every 4 days.
The growth environment of all seedlings was 25/22 (±1) °C
day/night temperature, 65%/85% day/night relative humidity,
and a 16-h photoperiod with 500 μmol m−2 s−1 photon flux
density at the plant canopy level.
2.3. Data collection and phenotypic evaluation
Total fresh weight (FW) and dry weight (DW) were measured
15 days after transplantation. Each seedling from the four
replicates was carefully washed in clean water and the FW
was obtained with an electronic balance. Plants were then
placed in paper bags, heated at 105 °C for 30 min to kill the
cells, and then dried at 75 °C until a constant mass was
obtained, recorded as DW.
To eliminate inherent biological and genetic differences of
the A. tauschii accessions, the Cd stress tolerance index (CTI)
was used as an indicator of the diversity of the accessions
following the formula: CTI = (TC − TS)/TS [24], where TS and TC
are the values of the traits measured under Cd stress and
control conditions, respectively. The synthetic index (SI) was
407T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 4 0 5 – 4 1 5used to evaluate Cd-tolerant accessions and determined by
considering the average CTI across FW and DW measures.
Heritability was estimated as H = VG/(VG + VE), where VG and
VE represent estimates of genetic and environmental vari-
ance, respectively [25]. Descriptive analysis and analysis of
variance were conducted for the tested traits using IBM SPSS
Statistics for Windows, version 20.0 (IBM Corp., Armonk, NY,
USA).
2.4. 10K Infinium iSelect SNP array and SNP genotyping
The construction of the A. tauschii 10K SNP array has been
previously reported in detail [26]. A total of 7185 polymorphic
SNP markers in the array were uniquely mapped to the A.
tauschii genetic map and to the physical map of the A. tauschii
genome built based on bacterial artificial chromosome clones.
SNPs were assayed according to the manufacturer's protocol
(Illumina, San Diego, CA, USA) at the Genome Center,
University of California, Davis, CA, USA. The detailed infor-
mation for SNP genotyping of the 235 A. tauschii accessions
has been described in our previous study [27].
2.5. Marker–trait associations
In our study, only 6905 SNP markers with a minor allele
frequency (MAF) greater than 0.05 were used for marker–trait
association. To identify marker–trait associations (MTAs),
TASSEL v2.1 [28] was used, employing a general linear model
(GLM) based on principal components (PCs) derived from the
TASSEL v2.1 principal component analysis (PCA). To control
efficiently for type I and II errors, a mixed linear model (MLM),
incorporating both the PCs and kinship matrix (Kmatrix), was
also fitted. Bonferroni-corrected thresholds at α = 1 were used
as cutoffs. When the number of markers was 6905 SNPs, at
α = 1, the Bonferroni-corrected threshold for the P-values was
144.823 × 10−6, with a corresponding − lg (P)-value of 3.84.
Significant markers are shown in a Manhattan plot drawn
with SAS 9.2 (SAS Institute, Cary, NC, USA). Important P-value
distributions (observed P-values against cumulative P-values
on a − lg scale) are shown in a quantile–quantile plot also
drawn with SAS.
Putative candidate genes were proposed for each signifi-
cant MTA based on the best match to the National Center for
Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.
gov/) GenBank nonredundant database using the correspond-
ing extended SNP marker sequence, which was derived from
the 5000 bp around each SNP marker and was acquired using
BLAST at the International Wheat Genome Sequencing
Consortium (IWGSC, http://www.wheatgenome.org/) site.Table 1 – Analysis of variance for total fresh and dry weights i
control condition.
Source df Total fresh weight
SS MS F-value Sig
Treatment (T) 1 11.375 11.375 177.474
Genotype (G) 234 22.957 0.098 1.252
T × G 234 23.313 0.100 2.397
df: degrees of freedom; SS: sum of squares; MS: mean square. ⁎⁎⁎Significan3. Results
3.1. Genetic variation as revealed by analysis of variance
The analysis of variance revealed significant variation among
accessions for FW and DW (Table 1). The level of variation
is reflected in the distributions of the two traits (Fig. 1). Genotypic
variation for the two traitswas significant at P < 0.01. In addition,
significant differences in treatment × genotype interactionwere
observed for all traits (Table 1). The results show that the two
traits were significantly influenced by Cd supply among the 235
A. tauschii accessions, which were subjected to further genetic
analysis.
Phenotypic variation among accessions for each trait
was confirmed by the trait mean, standard deviation, and
coefficient of variation (Table 2). In comparison with the Cd
stress condition, the mean values of the two traits decreased
substantially under the control condition. The coefficients
of variation under the control condition were 52.52% and
50.03% for FW and DW, respectively. In contrast, under
the Cd stress condition, the two traits showed lower coeffi-
cients of variation, 50.14% and 48.57% for FW and DW,
respectively.
3.2. Heritability
Medium-to-high heritability estimates were obtained for the
two traits (Table 2). Of the two, FW had the higher heritability
under the Cd stress condition (0.78) but a heritability of 0.74
under the control condition. For DW, heritability estimates
were 0.74 and 0.69 for the control and Cd stress conditions,
respectively. Thus, the heritability estimates were not very
different from each other. This result shows that DW is highly
heritable under the control condition compared with the
result obtained under the Cd stress condition. In contrast, FW
is highly heritable under Cd stress compared with the result
obtained under the control condition. These results also
suggest that DW and FW are good indicators for screening
Cd tolerance in A. tauschii.
3.3. Cd stress tolerance index (CTI) and synthetic index (SI)
The CTI for FW and DW in all 235 A. tauschii accessions and
its SI across the two traits were calculated. Pearson's
correlations between FW, DW, CIT, and SI were also computed
(Table 3). FW and DW under the control condition were
significantly and positively correlated with SI (r = 0.358⁎⁎ and
r = 0.348⁎⁎, respectively, P < 0.01). The CTI for FW was posi-
tively correlated with the CTI for DW (r = 0.875, P < 0.01). Then 235 accessions of Aegilops tauschii under Cd stress and a
Total dry weight
nificance SS MS F-value Significance
⁎⁎⁎ 0.071 0.071 78.747 ⁎⁎⁎
⁎⁎⁎ 0.341 0.001 2.244 ⁎⁎⁎
⁎⁎⁎ 0.282 0.001 1.401 ⁎⁎⁎
t at the 0.001 probability level.
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Fig. 1 – Distribution of total fresh weight and total dry weight phenotyped under 0 (control) and 100 μmol L−1 CdCl2 (Cd stress)
conditions in 235 Aegilops tauschii accessions.
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tauschii accessions differ in Cd tolerance (Fig. 2, Supplemen-
tary Table S1). Based on the SI values, the tested A. tauschii
accessions could be classified into three groups: 20 accessions
(9%) showed high Cd tolerance with an SI value of >0, 135
(57%) showed moderate Cd tolerance with an SI value
between −0.5 and 0, and 80 (34%) showed low Cd tolerance
with an SI value of <−0.5. Overall, among the 235 A.
tauschii accessions, AS623321 showed the highest SI with a
value of 0.656 and AS623008 showed the lowest SI with a value
of −0.828. These two were selected as extremely tolerant and
sensitive accessions, respectively. Among highly Cd-tolerant
accessions, the top five A. tauschii accessions were AS623321,
AS623402, AS623194, AS623186, and AS623173 with SI values
of 0.656, 0.629, 0.629, 0.614, and 0.399, respectively.Table 2 – Variation and heritability of total fresh and dry weight
control condition.
Treatment Total fresh weight
Mean (g) SD (g) CV (%) Heritabi
Cd stress 0.32 0.17 52.52 0.74
Control 0.63 0.32 50.14 0.78
SD: standard deviation; CV: coefficient of variation.3.4. Cd tolerance is associated with the geographic origin of
A. tauschii
The average SI values were used to compare Cd tolerance
levels among the different origins of A. tauschii. Table 4 lists
the average SI values for A. tauschii accessions from each
origin. Among the origins that provided more than 10 A.
tauschii accessions, Afghanistan, Turkey, Azerbaijan, and Iran
had high SI values (−0.321, −0.323, −0.326, and −0.371,
respectively). The percentages of the selected tolerant acces-
sions were 10.0%, 12.9%, 8.0%, and 6.7% of the total accessions
from Afghanistan, Turkey, Azerbaijan, and Iran, respectively.
The higher SI values of these four countries suggest that A.
tauschii accessions from these countries have higher than
average Cd tolerance.s in 235 accessions of Aegilops tauschii under Cd stress and a
Total dry weight
lity Mean (g) SD (g) CV (%) Heritability
0.05 0.02 50.03 0.74
0.07 0.04 48.57 0.69
Table 3 – Genetic correlations among FW, DW, CTI, and SI.
Index Total fresh weight Total dry weight
Control Cd stress CTI Control Cd stress CTI
Synthetic index −0.350 ⁎⁎ 0.358 ⁎⁎ 0.961 ⁎⁎ −0.338 ⁎⁎ 0.348 ⁎⁎ 0.974 ⁎⁎
Fresh weight Control 0.641 ⁎⁎ −0.372 ⁎⁎ 0.916 ⁎⁎ 0.683 ⁎⁎ −0.311 ⁎⁎
Cd stress 0.378 ⁎⁎ 0.629 ⁎⁎ 0.936 ⁎⁎ 0.322 ⁎⁎
CTI −0.297 ⁎⁎ 0.296 ⁎⁎ 0.875 ⁎⁎
Dry weight Control 0.660 ⁎⁎ −0.352 ⁎⁎
Cd stress 0.370 ⁎⁎
⁎⁎ Significant at the 0.01 probability level. CTI: Cd stress tolerance index; DW: total dry weight; FW: total fresh weight; SI: synthetic index.
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We tested two models for detecting associations between
SNP markers and traits: GLM with PC to correct for population
structure, and MLM with PC and K matrix to correct for
population structure. In the PCA analysis performed with
TASSEL v2.1 and 6905 SNP markers, the first 5 PCs explained
82.84% of the variance (data not shown), reflecting the
complex pedigrees of A. tauschii. Thus, the first 5 PCs were
used for computing both GLM andMLM. At a significance level
of 3.84, seven and six significant markers were detected by
GLM and MLM, respectively (Table 5; Fig. 3A, B, D, E, G, H).
Under the control condition, significant markers for DW and
FW were detected by both GLM and MLM, whereas under the
Cd stress condition, significant markers were detected by GLM
and MLM for FW, but none for DW. The R2 values provide an
estimate of the amount of phenotypic variation explained by
the markers (Table 5). Six significant markers were detected
by both GLM and MLM. The distribution of the observed − lg (P)
values should ideally follow a uniform distribution with little
deviation from the expected − lg (P) values. In our study, GLM
and MLM showed a good fit for the − lg (P) values (Fig. 3C, F, I).
Based on a public database, we identified putative
candidate/flanking genes (Table 6). For the significant
markers GA8KES401BYTBK_134 (on chromosome 1D) and
BE398279ATwsnp1 (on chromosome 3D), we failed to identify
any candidate genes and speculated that they are two
new loci associated with control of Cd tolerance. For the0
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Fig. 2 – Frequency distribution of the synthetic index (SIremaining three significant markers, seven candidate/
flanking genes were identified, including an FtsH-like protein
gene, pdil5-1, Acc-1, TaAP2-D, TaAP2-B, Vrn-B1, and DME-5A.
The annotation of these genes is shown in Table 7. It is
noteworthy that marker GBUVHFX01COE01_159 was associ-
ated with DW and FW under the control condition.4. Discussion
4.1. Growth response to Cd toxicity
Cd produces disturbances in both the uptake and the distribu-
tion of elements in many plant species [35,36]. In addition, Cd
toxicity varies depending on growth conditions, experimental
design, Cd availability, duration of Cd treatment, and plant age
[24]. Effects of Cd toxicity in plants are of two types: stimulatory
and inhibitory. The main explanation for stimulatory effects is
thatmetal ionsmay serve as activators of enzymes in cytokinin
metabolism, which accelerates the growth of plants [37–39];
also, low doses of stress may cause changes in plant hormones
and cytokinins, which regulate plant growth and development
[40]. There are two main explanations for the inhibitory effects
of Cd. First, these effects may be caused by direct interaction
with proteins owing to their affinities for thioyl, histidyl, and
carboxyl groups, causing the metals to target structural,
catalytic, and transport sites of the cell [41]. Second, they may
be due to the displacement of essential cations from specific1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
I
) for Cd tolerance in 235 Aegilops tauschii accessions.
Table 4 – Comparison of Cd tolerance among different geographic origins of A. tauschii using average SI.
Origin No. of accessions Average SI High tolerance to Cd
Number Percentage (%)
Afghanistan 30 −0.321 3 10.0
Armenia 5 −0.237 0 0
Azerbaijan 25 −0.326 2 8.0
China 10 −0.439 0 0
Dagestan, Russian Federation 4 −0.215 1 25.0
Georgia 1 0.001 1 100.0
India 1 −0.447 0 0
Iran 45 −0.371 3 6.7
Kazakhstan 2 −0.546 0 0
Pakistan 24 −0.419 1 4.2
Syrian Arab Republic 1 −0.472 0 0
Tajikistan 11 −0.430 1 9.1
Turkey 31 −0.323 4 12.9
Turkistan 1 −0.491 0 0
Turkmenistan 4 −0.185 1 25.0
Unknown 28 −0.397 3 10.7
Uzbekistan 10 −0.575 0 0
Western Asia 2 −0.576 0 0
Total 235 20
410 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 4 0 5 – 4 1 5binding sites, impairing function. Several studies have shown
that Cd can enter cells using the same uptake system employed
by cations such as Fe, Cu, Ca, and Zn, and excess Cd could
compete with these elements for transporters, promoting a
reduction in both uptake and accumulation of these cations
[42]. For instance, Cd2+ replaces Ca2+ in the photosystem II
reaction center, inhibiting PSII photoactivation [43]. In the
present study, A. tauschii growth was inhibited in general
under Cd stress in comparison with control conditions, and
the mean values of FW and DW were reduced by nearly half
under the Cd stress condition. The results suggest that
A. tauschii growth was restricted under a 100 μmol L−1 Cd
concentration.
4.2. Biomass as a crucial trait for evaluating Cd tolerance
Numerous growth parameters can be used to estimate the
ability of plants to endure and survive at a contaminated site.Table 5 – Genomewide association study of Cd tolerance in 235
Model Trait a Significantly associated SNPsb
GLM DW-S 1
FW-S 4
FW-C 2
MLM DW-S 1
FW-S 4
FW-C 1
a FW-C, total fresh weight under control condition; FW-S, total fresh weig
condition.
b Bold numbers indicate significant markers detected using both models
c The threshold of − lg (P) was 3.84.For example, root growth and visible symptoms have been
used to assess tolerance to heavy metals in ryegrass [44].
Biomass and root and shoot length have also been used to
evaluate tolerance to heavymetal toxicity [45], as well as toxic
symptoms and shoot biomass to screen for plants that can
effectively remedy heavy metal-contaminated soils [46].
Relative growth rate and leaf structural properties have been
used to measure Cd tolerance in 10 grass species [47], and root
growth and density have been used to estimate the different
Cd tolerances of Pinus pinaster and Pinus pinea [48]. Among the
different parameters used, plant biomass has been used to
evaluate Cd tolerance in many plant species [49–51]. In the
present study, the biomass traits FW and DW decreased
significantly upon Cd treatment, possibly because Cd stress
generally reduces chlorophyll content, resulting in the inhibi-
tion of photosynthesis in A. tauschii. The inhibition of
photosynthesis is the result of the damage to the PSII reaction
center in the leaf [52,53].Aegilops tauschii accessions.
− lg (P) c Phenotypic variation
explained (%)
Average Range Average Range
4.85 7.87
5.11 4.53–5.31 8.09 7.10–8.43
4.05 3.96–4.13 7.75 6.39–9.11
4.24 8.13
4.76 4.30–4.98 9.20 8.15–9.70
3.92 8.75
ht under Cd stress condition; DW-S, total dry weight under Cd stress
.
Fig. 3 – GWAS scan for trait DW under Cd stress condition (A, B, C), FW under Cd stress condition (D, E, F), FW under control condition (G, H, I). (A, B) GLM and MLM results for
association of DW under Cd stress condition. (C) Q–Q plots of GLM and MLM for DWunder Cd stress condition. (D, E) GLM andMLM results for association of FW under Cd stress
condition. (F) Q–Q plots of GLM and MLM for FW under Cd stress condition. (G, H) GLM and MLM results for association of FW under control condition. (I) Q–Q plots of GLM and
MLM for FW under control condition.
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Table 6 – SNPs significantly associated with Cd-tolerance traits and candidate/flanking genes.
Shared marker a Chromosome Locus (cM)d Trait e − lg (P) Candidate/flanking gene GenBank ID
D b IWGSC c GLM MLM
GA8KES401BYTBK_134 1D 1DL 58.148 FW-C 4.53 4.30 –
BE398279ATwsnp1 3D 3DS 28.297 FW-C 5.29 4.98 –
GDEEGVY02G34NC_228 3D 3DL 100.729 FW-C 5.29 4.98 FtsH-like protein gene AY639696.1
pdil5-1 FN555311.1
F5XZDLF02HGM8C_367 5D 5DL 209.599 FW-S 4.13 3.92 Acc-1 EU660902.1
TaAP2-D AB749310.1
TaAP2-B AB749309.1
GBUVHFX01COE01_159 6D 6DS 5.207 DW-C 4.85 4.24 Vrn-B1 HQ130483.2
FW-C 5.31 4.79 DME-5A JF683316.1
a Shared markers were significant in both GLM and MLM models at the threshold − lg (P) = 3.84.
b Chromosomal location information in the diploid ancestor Aegilops tauschii.
c Chromosomal location information in polyploid wheat displayed by the best hit on IWGSC.
d Genetic distance in diploid A. tauschii.
e FW-C, total fresh weight under control condition; FW-S, total fresh weight under Cd stress.
412 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 4 0 5 – 4 1 54.3. Comparison of identified Cd tolerance-conferring quanti-
tative trait loci (QTL) with those from previous reports
In the present study, we report the outcome of a GWAS
approach for identifying genomic regions associated with the
control of Cd tolerance-conferring traits in A. tauschii using
7185 SNP markers genotyped in a core collection of 235
natural A. tauschii accessions. Linkage mapping can also be
used to detect quantitative trait loci (QTL) using different
segregating populations and testing them under different
environmental conditions. To date, a few QTL associated with
Cd tolerance-conferring traits have been identified in various
plants using this classical approach. Compared to those
analyses, the present approach offers more useful informa-
tion for identifying loci present in A. tauschii that control
Cd tolerance-conferring traits and accordingly present in the
D-genome of wheat.
Genetically, Cd accumulation in plants may be regulated
by multiple genes with combined effects on uptake, translo-
cation, and sequestration [54]. In Arabidopsis halleri, QTL
mapping was used to identify chromosomal regions involved
in Cd tolerance and, in addition to the identification of
three QTL, a gene named HMA4 encoding a predicted heavy
metal ATPase was cloned and functionally characterized [55].
Several QTL associated with Cd accumulation in rice (OryzaTable 7 – Definition of candidate/flanking genes identified by B
Gene Annota
FtsH-like protein gene Aegilops tauschii cultivar KU2065 FtsH-like prot
pdil5-1 Encode the protein disulfide isomerase (PDI) a
domains and controlling diversified metabolic
Acc-1 Triticum aestivum clone BAC 122F14 plastid ace
plastid product
TaAP2-D Encode a MADS box transcription factor
TaAP2-B Encode a MADS box transcription factor
Vrn-B1 Triticum aestivum cultivar Diamant2 Vrn-B1 (Vr
vernalization in spring wheat
DME-5A DME encodes a 5-methylcytosine DNA glycosy
derepression of gliadins and low-molecular-w
demethylation of their promoters in the wheasativa L.) have been reported [56,57]. In durum wheat, Cd
accumulation is governed by Cdu1, which is located on
chromosome arm 5BL [58,59]. Prior to the current study,
few loci associated with control of Cd tolerance-conferring
traits had been identified in A. tauschii. Because the genome
of A. tauschii could be used as a reference for common
wheat, the loci we have identified can be further used in
searching for Cd tolerance-conferring genes in wheat. The
candidate genes associated with Cd tolerance identified in
this study encode diverse enzymes (e.g. pdil5-1 gene,Acc-1, and
DME-5A), transcription factors (e.g. TaAP2-D and TaAP2-B), a
vernalization-associated gene (Vrn-B1), and a gene (FtsH-like
protein gene) with unclear function. In addition, we detected a
SNP, GBUVHFX01COE01_159, located on 6D significantly asso-
ciated with two different traits (FW and DW under the control
condition). Although this association may be the result of
pleiotropy, it was supported by Pearson's correlation analysis
(r = 0.936⁎⁎ for FW-C and DW-C, P < 0.01). These identified
candidate genes indicated once again that the regulation of Cd
tolerance is complex and requires deeper study.
4.4. Use of A. tauschii in wheat variety improvement
To date, wild species have been consideredmore as sources of
resistance to biotic and abiotic stresses than as sources ofLAST.
tion Reference
ein gene Dvorak et al. [29]
nd PDI-like proteins containing thioredoxin
functions
d'Aloisio et al. [30]
tyl-CoA carboxylase gene, nuclear gene for Chalupska et al. [31]
Ning et al. [32]
Ning et al. [32]
n-B1) gene, confer low sensitivity to Shcherban et al. [33]
lase responsible for transcriptional
eight glutenins (LMW-GS) by active
t endosperm
Wen et al. [34]
413T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 4 0 5 – 4 1 5diversity, permitting the deepmodification of the architecture
and physiology of cultivated species [60,61]. A. tauschii is one
of the ancestral species of wheat and the donor species of the
D genome of wheat. Aegilops species are found in Mediterra-
nean climates, being indigenous from the Canary Islands to
the western part of Asia, in Afghanistan and western China
[62]. Their ability to spread widely is probably associated with
their great adaptability, which also explains why they carry
many agronomically valuable traits including tolerance to
drought, salt, low phosphorus, and extreme environments, all
of which could be used in plant breeding [63–65]. Given
that the D genome was involved in the evolution of bread
wheat [66,67], the genetic diversity present in Aegilops species
bearing the D genome is of considerable interest [68]. These
potential sources of genetic variation and alleles are useful for
wheat breeding purposes, and can serve as a secondary gene
pool for this species [69,70]. The rich genetic diversity for
resistance to various biotic and abiotic stresses has already
contributed to wheat improvement [14,71,72]. In the present
study, we identified 20 A. tauschii accessions with high
tolerance to Cd. Most of them were originally from the
Turkey–Iran–Afghanistan zone, a finding in keeping with the
path of A. tauschii range expansion. The five accessions with
highest Cd tolerance were AS623321, AS623402, AS623194,
AS623186, and AS623173, and may be used as germplasm
resources to widen the genetic diversity of cultivated wheat.
Their use could shorten the procedure of wheat breeding for
no or low Cd content.5. Conclusions
We performed a genomewide association study of Cd
tolerance-conferring traits in a population of 235 A. tauschii
plants using 7185 single-nucleotide polymorphism markers.
Six significant markers were detected using both general and
mixed linear models. At significant loci and in flanking
regions, we identified candidate genes that might control Cd
tolerance-conferring traits, including pdil5-1, Acc-1, DME-5A,
TaAP2-D, TaAP2-B, Vrn-B1, and FtsH-like protein gene. The
identified SNPs and genes offer information for cloning
genes associated with Cd tolerance in A. tauschii and wheat.
Concurrently, we screened the 235 A. tauschii accessions for
Cd-tolerant accessions using biomass-associated traits. The
results indicate that A. tauschii accessions from Afghanistan,
Turkey, Azerbaijan, and Iran have higher Cd tolerance than
those from other origins. Using the average SI value, 20 A.
tauschii accessions with high tolerance to applied Cd were
identified. The five most tolerant accessions, AS623321,
AS623402, AS623194, AS623186, and AS623173, could be useful
for wheat improvement. Collectively, our results may provide
a foundation for breeding Cd tolerant wheat cultivars.Acknowledgments
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